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Abstract: We experimentally investigate the impact of pump-signal overlap in ultra-wideband
(>13THz) Raman amplifiers and measure the transmission penalty on 30GBaud PM-QPSK
signals due to adjacent Raman pumps in a 15dB gain, 150nm (∼18.8THz) S+C+L-band discrete
Raman amplifier. We present an efficient numerical model to predict the performance penalty
induced by crosstalk from Rayleigh backscattered light from backward-propagating Raman
pumps showing good agreement with the experimental results. A 4nm guard-band must be
retained around an overlapping Raman pump based on typical, commercial semiconductor laser
pump diodes to ensure a negligible transmission penalty in S-band.
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1. Introduction
It is important to optimise the design of ultra-wideband (UWB) optical amplifiers to increase the
total capacity of currently deployed standard single mode fibre (SSMF) based optical transmission
systems by nearly 10-fold compared with the presently exploited erbium doped fibre amplifier
(EDFA) C-band. Recently, multi-band transmission strategies using rare-earth doped fibre
amplifiers in different bands have been proposed to increase the system capacity of existing
optical fibre networks [1,2]. UWB transmission experiments over S+C+L band have already
been reported using different rare-earth doped fibre amplifiers operating over separate discrete
bands as well as continuous single band semiconductor optical amplifiers (SOAs) [3,4]. Discrete
Raman amplifiers (DRAs) also offer continuous, flat and UWB amplification using stimulated
Raman scattering (SRS) from a set of multiplexed Raman pumps through a suitable gain fibre
[5–7]. However, when the amplification bandwidth exceeds the Raman Stokes shift of ∼13THz,
Raman pumps co-exist with signals in parts of the spectrum resulting in additional penalties to the
adjacent signals, due to fundamental Rayleigh backscattering (RBS) pump light induced crosstalk
and Kerr nonlinearities from relatively high power pump components [8,9]. Additionally, the use
of small core area fibre with high nonlinear coefficient in high gain UWB DRAs may cause strong
pump broadening and generation of high nonlinear Kerr product power components, which can
degrade the optical signal to noise ratio (OSNR) of the neighbouring signals and reduce the
effective transmission capacity of the system [9]. The use of narrowing and rejection filters has
been proposed to reduce the impact of crosstalk from overlapping pumps in UWB distributed
Raman amplifiers [10,11]. However, these additional passive components introduce undesirable
extra losses.
In our previous study [12], we experimentally demonstrated an improved design of UWB
DRA with high gain and low overall noise figure by using a dual-stage configuration with an
appropriate distribution of Raman pumps. We also experimentally quantified the transmission
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penalties induced by crosstalk from overlapping Raman pumps in a high gain (∼15dB) S+C+L
band dual-stage DRA [13]. Here, we experimentally and numerically demonstrate that the
OSNR degradation and corresponding transmission penalties from overlapping commercial
semiconductor Raman pump laser diodes depend on both the RBS level and spectral linewidth of
the Raman pump lasers. Our proposed numerical model is low complexity and shows very good
agreement with the experimentally measured transmission penalty induced by RBS generated by
backward propagating Raman pumps in an UWB DRA. We report that a negligible Q2-penalty
on the neighbouring 30GBaud PM-QPSK signals can be achieved by retaining a guard-band of
∼4nm around the Raman pump. Additionally, >4dB Q2-penalty is observed on signals within
1.5nm of the pump having a RBS level up to the amplified signal.
2. Experimental setup
The UWB transmission experiment setup used a 70km SSMF and a 150nm bandwidth S+C+L-
band (1475-1625nm) DRA as shown in Fig. 1.
Fig. 1. (a) Schematic of the S+C+L band DRA; (b) Transmission experiment setup.
The ∼15dB transmission loss from the 70km SSMF was compensated by a dual-stage UWB
DRA which improves the overall net gain and noise figure by properly distributing the Raman
pumps in two stages [12]. A 7.5km long inverse dispersion fibre (IDF) was chosen as the Raman
gain fibre in each stage and backward-pumping was used to avoid pump to signal relative intensity
noise transfer [14,15]. The first stage was pumped with three Raman pumps (1365, 1385 and
1405nm) which mainly provided gain in the S-band. In the second stage, five pumps (1425, 1445,
1465, 1485 and 1508nm) were used to provide gain mainly in the C+L band. This dual–stage
architecture reduces the strong pump depletion of shorter wavelength pumps by inhibiting the
pump-to-pump Raman energy transfer and so enables an overall flat net gain of ∼15dB at the
output. However, the 1485nm and 1508nm pumps, which are required to provide gain for L-band
signals, fall directly in the S-band and RBS arising from these pumps co-propagate with S-band
signals through the second stage of the DRA introducing crosstalk penalty on neigbouring
channels.
In the experiment, eight available pump wavelengths were chosen at every ∼20 nm from
1365 nm to 1508 nm to ensure flat gain spectrum across 150 nm bandwidth. The net gain was
calculated comparing the input and output spectra of the DRA and the pump powers were
optimised carefully to obtain overall net gain variation < 3 dB across the 150 nm amplification
bandwidth. At first, the proposed dual-stage DRA was numerically simulated and then, required
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pump powers to maintain < 3 dB gain variation was obtained using the Raman optimiser tool of
VPIphotonics Design Suite 10.0 which uses a genetic algorithm for pump power optimisation
[16]. However, further improvement of gain variation may be achieved by optimising both the
pump wavelengths and powers through a hybrid genetic algorithm [17], or via inverse system
design using machine learning [18]. The pump powers used in the experiment are given in
Table 1.
Table 1. Pump powers used in the UWB dual-stage DRA
Stage First stage Second stage
Pump wavelength (nm) 1365 1385 1405 1425 1445 1465 1485 1508
Pump power (mW) 305 490 180 370 330 188 87 186
At the receiver, the PM-QPSK signal was filtered out using a tuneable bandpass filter and
amplified using a commercial thulium doped fibre amplifier (TDFA) before passing onto
the coherent receiver where the signals were received with an 80GSa/s, 36GHz bandwidth
oscilloscope and digitally processed offline.
The input to the 70 km SSMF span and output from the dual-stage DRA is shown in Fig. 2(a).
The input WDM signal consisted of: (i) a tuneable 30GBaud PM-QPSK signal and three CW
lasers in S-band at 1475 nm, 1490 nm and 1500 nm (ii) 24 shaped ASE channels from C- and
L-band EDFAs in C+L band (1530-1605 nm), and (iii) a fixed CW laser at the longest wavelength
of 1625 nm, included to confirm the full extent of the L-band DRA gain. The channelised ASE
noise from C and L band EDFAs was spectrally shaped with 50GHz 3 dB bandwidth and 300GHz
channel spacing using wavelength selective switches. The total WDM signal power at the input
of the span was 15dBm with a flat spectrum except the three S-band CW DFB lasers which were
limited in maximum output power. In Fig. 2(a), the RBS light of the 1508nm pump was much
higher than that of the 1485nm pump because of its higher power and greater pump-to-pump
energy transfer from the lower wavelength pumps. Consequently, the crosstalk penalties due to
the 1508nm pump are expected to be higher than those due to its 1485nm counterpart. At the
receiver, the impact on the transmission performance of the PM-QPSK signal was measured by
sweeping the carrier wavelength around the overlapping pumps’ central wavelength.
Fig. 2. (a) Measured input to the SSMF span and output spectra from the UWB DRA; (b)
Numerically simulated power profiles of signals and pumps at 1485 nm and 1508 nm along
the 7.5 km IDF second stage.
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3. Numerical model and simulation setup
In the numerical simulation, a similar transmission setup with the dual-stage UWB DRA has
been considered as in Fig. 1. Two 30GBaud QPSK modulated signals shaped using a raised
cosine filter with 0.2 roll-off factor were used in the S-band around the overlapping 1485nm
and 1508nm pumps. The central wavelength of the modulated signals were swept across the
overlapping pumps’ spectra in a range of± 3.2nm. In C- and L-bands, the WDM channels were
represented by single spectral lines in order to consider the Raman energy transfer and overall
gain efficiently. The wavelength dependent loss, Raman gain coefficient and other parameters of
IDF and SSMF used in the numerical model are as previously described [19,20]. The Rayleigh
backscattering coefficient of IDF was considered as γr = 1.6 × 10−7 m−1. Additive white Gaussian
noise (AWGN) was added to the signal at the input to maintain common reference back-to-back
(B-2-B) Q2-factors as measured in the experiment at 1485 nm and 1508 nm, without considering
RBS impact from the DRA.
In the derivation of the numerical model, we consider that the definition of the Q2-factor has an
equivalent description of signal to noise ratio (SNR) in a noise limited system. Accordingly, we
define SNRref (λ) as the value that corresponds to the reference Q2-factor for λi = {1485, 1508}
nm when the impact of RBS induced penalty is negligible because a sufficiently large guard-band
is maintained between the pump and signal wavelengths. The RBS induced penalty is included
in the calculation of total SNR as:
SNRtot(λ) =
P+S (z = L, λ)
P+S (z=L,λ)
SNRref (λi) + P
+
RBS(z = L, λ)
(1)
Here, P+S (z = L, λ) and P+RBS(z = L, λ) are the signal and RBS forward propagating power at the
output of the DRA. To estimate these two components, we calculate the longitudinal evolution of
the signal P+S and backward propagating pump P
−
P, via a system of coupled differential equations
solved numerically along the length of the DRA z ∈ [0,L][5,21], using the model included in
VPIphotonics Design Suite 10.0 as shown in Fig. 2(b). In these calculations, the broadband
Raman pumps were considered as monochromatic spectral components at wavelengths λi, an
approximation which provided reliable results while significantly decreasing the computational
complexity of the Raman solver. Once P+S and P
−
P have been obtained in the range z ∈ [0,L],
the problem reduces to the estimation of P+RBS(z = L, λ). We also neglected the co-propagating
multi-path interference of the signal, in view of the much higher power level of the overlapping
pumps. Hence, P+RBS(z = L, λ)has been estimated as the sum of all the RBS contributions from
the pump which are generated along the DRA, appropriately scaled by the gain or attenuation
they are subject to when propagating from the generation point to z=L. Spatially dividing the
amplifier into infinitesimally small sections dz, we can then write:







where P−P is the pump power that falls inside the receiver bandwidth propagating over the length
of the DRA. This term takes into account the spectral shape of the broadband pump, which
proved to be a key consideration to obtain reliable predictions.
4. Results and discussion
The penalties due to the crosstalk and Kerr induced nonlinear products arising from the relatively
high power backward propagating 1485nm and 1508nm Raman pumps depend mainly on the
launched power of these pumps and their spectral properties.
Research Article Vol. 28, No. 12 / 8 June 2020 /Optics Express 18444
The spectral profiles of the two overlapping commercial semiconductor laser diode pumps at
1485nm and 1508nm with 3dB linewidth ∼1nm are shown in Fig. 3(a) and Fig. 3(b), respectively.
The typical linewidth of semiconductor pump laser diodes is usually 1-1.5nm, however side-lobes
(residual ASE due to imperfect fibre Bragg grating properties) can spread out a few nanometers
away from the central wavelength as shown in the spectrum of the 1508nm pump in Fig. 3(b).
Moreover, the strength of these side-lobes can become significant under some operating conditions
i.e. temperatures, drive currents, and need to be filtered out by proper design of Raman pump
combiners or via narrowing filters [10]. In our experiment, the side-lobe of the 1508nm pump
had very low power compared with the main peak, so the RBS components from this side-lobe
introduced negligible crosstalk penalty on the WDM signals, compared with the main-lobe.
Fig. 3. Spectra of the overlapping (a) 1485 nm and (b) 1508 nm pumps.
The spectra of the received and bandpass filtered PM-QPSK signals adjacent to the two
overlapping pumps are shown in Fig. 4(a) and Fig. 4(b), respectively. It can be clearly seen
that the received signal OSNR degrades as it moves closer to the overlapping pump, and OSNR
degradation of the signals near to the 1508nm pump is much higher than those near to the 1485nm
pump, which is mainly due to the greater impact of crosstalk from the relatively higher 1508nm
launch pump power leading to >13dB RBS level in comparison, as shown in Fig. 2(a).
Fig. 4. Received spectra of PM-QPSK signals adjacent to (a) 1485 nm and (b) 1508 nm
pump.
At the receiver, we measured the Q2-factors of the S-band signals adjacent to the overlapping
pumps by varying the signal wavelengths until there was no significant transmission penalty from
the pump induced crosstalk, as shown in Fig. 5.
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Fig. 5. Q2-factors vs wavelength separation with respect to (a) 1485 nm and (b) 1508 nm
pump.
The average B-2-B Q2-factors for the PM-QPSK signals adjacent to the overlapping pumps in
the 1482-1488nm and 1504-1511nm wavelength regions were 19.3dB and 21.3dB, respectively.
After 70km SSMF transmission, the additional penalties from the B-2-B Q2-factors around the
1485nm pump (Fig. 5(a)) compared to the 1508nm (Fig. 5(b)) were higher due to the lower OSNR
of the transmitted signals, lower available power of the local oscillator in the coherent receiver,
and additional Kerr induced nonlinear penalties through the first stage of the DRA [12]. It is
also clear from Fig. 5 that the Q2 penalties to the signals adjacent to the higher power 1508nm
pump are greater than those in the vicinity of the 1485nm pump, which is consistent with the
higher level of RBS and greater OSNR penalties shown in Fig. 2(a) and Fig. 4, respectively. The
exact wavelength of the 1485nm pump used in the experiment was measured to be ∼1484.8nm
and the model accurately predicts the worst Q2 penalty of ∼3dB at 0.2nm downshifted from
1485nm, as shown in Fig. 5(a). The asymmetry in the Q2 penalties between two sides of the
central wavelength of the overlapping pumps is due to the uneven spectral shape of the pumps as
shown in Fig. 3. In Fig. 5(b), a minimum guard-band of 2.8nm (2nm and 0.8nm for the blue-
and red-shifted signal wavelengths respectively) around the central wavelength of the pump was
required to ensure < 1dB Q2 penalty. A significant > 4dB Q2 penalty was also obtained on the
signals remaining within 2nm of the 1508nm pump, whereas the Q2 degradation was limited
to only 1dB within the same vicinity of the 1485nm pump, mainly due to the 13dB lower level
of RBS. We also observed negligible penalties on signals having a total wavelength separation
of > 4nm (considering both sides) from either of the overlapping pumps. Consequently, given
the specific spectral profiles of the semiconductor laser diode pumps used in the experiment
(Fig. 3), minimum 4nm guard-bands should be maintained around the pumps to obtain negligible
penalties on the modulated signals from crosstalk and Kerr nonlinearities in the 150nm S+C+L
band DRA under study.
We also calculated the Q2-factors from the derived SNRtot in Eq. (1) and verified the model
against the experimental results shown in Fig. 5. Here, SNRref (λ) was obtained from the
experimental data to give a reference result. It is clear from Eq. (1), when the RBS power is
negligible, SNRtot = SNRref (λ) which means there is no penalty from the RBS, but all other
transmission penalties are present. This is the case when a large enough spacing is maintained
between the pump and signal. So, in the numerical model SNRref was calculated from the
experimental curves of the Q2-factor as shown in Fig. 5, at points with no penalty from RBS and
as close as possible to the pump wavelengths to minimise the impact of any unrelated wavelength
dependent penalty on the Q2-factor, and considered here to be 17 dB and 20 dB with respect to the
1485 nm and 1508 nm pumps, respectively. The model provides very good estimation of the Q2
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penalties versus wavelength separation between the central wavelengths of the overlapping pump
and signal. The inclusion of the pumps’ spectral profiles ensures a good agreement between the
model and experiment. It can be seen from the model that worst case Q2 penalties at 1485nm
and 1508nm are ∼2dB and 15dB respectively, the higher penalties at 1508nm are mainly due to
higher pump power and greater level of RBS induced crosstalk.
Additionally, using our numerical model for the dual-stage DRA considered here, we predicted
the minimum guard-bands required to maintain 1dB Q2 penalty at varying 3-dB linewidths of the
overlapping Raman pump with a Gaussian spectral profile at 1508nm, as shown in Fig. 6. It is
clear that Raman pumps with lower 3dB linewidth require smaller guard-band between the pump
and signals, however there will be additional penalties from stimulated Brillouin scattering (SBS)
due to such narrow linewidth pumps. Therefore, the linewidth of the overlapping Raman pump
must be chosen carefully considering the trade-off between the penalties from SRS-induced
crosstalk and SBS. According to the model prediction, more than 2.6nm guard-band should be
kept around the central wavelength of the overlapping Raman pump (1508nm) with 3dB linewidth
of 1nm in order to maintain < 1dB Q2 penalty from SRS-induced crosstalk as shown in the insert
of Fig. 6. This numerical prediction shows very good agreement with the experimental results
obtained using the 1508nm semiconductor pump with ∼1nm 3dB linewidth as shown in Fig. 5(b).
Fig. 6. Calculation of minimum guard-band requirement for 1 dB Q2 penalty vs different
3 dB linewidth of the Raman pump at 1508 nm (Insert: Q2-factors vs required guard-band
between the pump and signal for 1 nm 3 dB linewidth of the Raman pump).
5. Conclusion
We have experimentally and numerically investigated the transmission penalty from overlapping
Raman pumps within the signal band of a practical UWBDRAwith >13THz bandwidth. We have
shown that the crosstalk penalty from the overlapping pumps depends mainly on the power level
of the Rayleigh backscattering light of the pumps and is strongly influenced by the spectral shape
of the pumps. The developed numerical model shows excellent agreement with the measured
experimental Q2 penalties. In a 150nm S+C+L band DRA with 15dB gain, an overlapping
Raman pump having RBS level as large as the adjacent amplified signals, introduces more than
4dB Q2 penalty on the 30GBaud PM-QPSK signals within 2nm of the pump. Additionally,
a minimum guard-band of 4nm is required to ensure negligible transmission penalties from
crosstalk. Based on the model developed and verified in this case, in UWB (>13THz) Raman
amplifiers using commercial semiconductor laser diodes, guard-bands between the overlapping
pumps and adjacent modulated signals must be designed carefully considering the trade-off
between the overall effective amplification bandwidth and minimum crosstalk penalty.
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